We use Arabidopsis thaliana as a model to investigate coordination of cell proliferation and cell elongation in the three components that develop side by side in the seed. Two of these, the embryo and its nurturing annex, the endosperm, are placed under zygotic control and develop within the seed integument placed under maternal control. We show that integument cell proliferation and endosperm growth are largely independent from each other. By contrast, prevention of cell elongation in the integument by the mutation transparent testa glabra2 (ttg2) restricts endosperm and seed growth. Conversely, endosperm growth controlled by the HAIKU (IKU) genetic pathway modulates integument cell elongation. Combinations of TTG2 defective seed integument with reduction of endosperm size by iku mutations identify integument cell elongation and endosperm growth as the primary regulators of seed size. Our results strongly suggest that a cross talk between maternal and zygotic controls represents the primary regulator of the coordinated control of seed size in Arabidopsis.
INTRODUCTION
In flowering plants and gymnosperms the embryo develops inside the maternal reproductive organs. Hence, some mechanisms must have evolved to allow coordination of embryo development with morphological and physiological changes in the maternally controlled environment. In flowering plants, a double fertilization takes place (Faure et al., 2002) . The ovule contains the two female gametes, the egg cell and the central cell, enclosed in the embryo sac (Christensen et al., 1997) . The pollen tube delivers two male gametes. One male gamete fertilizes the egg cell and produces the embryo. Fertilization of the central cell by the other male gamete produces the endosperm, responsible for the transfer of maternally derived nutrients to the embryo (Berger, 2003) . The endosperm and the embryo are enclosed in the maternally derived integument, which produces the seed coat. Seed growth requires coordination of cell proliferation and cell elongation of the three components of the seed. Only a few data are available concerning the nature of interactions between the maternal integument and the zygotic products (Chaudhury and Berger, 2001) .
In Arabidopsis thaliana, seed development can be divided into two distinct phases. The first phase is characterized by the active proliferation and growth of the endosperm (Boisnard-Lorig et al., 2001) . This results in a large increase of size. By contrast, growth of the embryo occurs primarily during the second phase at the expense of the endosperm (Jü rgens and Mayer, 1994) . The final seed size is mainly attained during the initial phase. Hence, seed growth is mostly coupled to the growth of endosperm and of the integument. During early endosperm development, nuclear division is not followed by cytokinesis and produces a syncytium (Boisnard-Lorig et al., 2001) . The multinucleate endosperm cell enlarges as pseudosynchronous nuclear divisions take place until the 8th mitotic cycle when cellularization begins (Sørensen et al., 2002) . Increase in size of the syncytial endosperm is prevented by haiku (iku) mutations, leading to precocious endosperm cellularization, reduced embryo proliferation, and decreased seed size (Garcia et al., 2003) . Primary reduction of endosperm size in iku/iku seeds causes reduced cell proliferation in the embryo. The iku mutations are sporophytic recessive. Thus, the quarter of seeds produced by selfed iku/þ plants that consist of iku/iku endosperm surrounded by iku/þ integument show a reduced seed size. The sporophytic recessive nature of iku mutations implies that they affect directly the development of the embryo, the endosperm, or both. Although iku mutations affect primarily endosperm growth, the overall seed size is decreased, including the size of the integument. This results from reduction of cell elongation in iku/þ integuments. Because iku mutations are recessive, their effect on integuments cannot be direct, and reduction of integuments elongation is a consequence of the effect of iku mutations on endosperm growth.
These observations provide evidence for communication from the endosperm to the integument. Autonomous seed development in fis class mutants further supports evidence for such communication (Ohad et al., 1996; Chaudhury et al., 1997) . Central cells with fis mutation undergo development into an endosperm-like structure. Autonomous fis endosperm development is accompanied by enlargement and partial differentiation of seed integuments, which are heterozygous for fis mutations. Because fis mutations are recessive and cannot affect fis/þ seed integument directly, induction of seed integuments development might be a response to autonomous endosperm development. Evidence of communication from the endosperm to the integument led us to speculate on the existence of a feedback control from the integument on endosperm growth. There is some indirect evidence for such maternal sporophytic effects, defined by the control of the development of the filial generation by the genetic characteristics of the mother. Certain transparent testa (tt) mutants defective for tannin synthesis in the seed coat are also affected for seed size (Debeaujon et al., 2000 (Debeaujon et al., , 2003 , and crosses between Arabidopsis ecotypes with seeds of a distinct size produce seeds of the size of the maternal ecotype (AlonsoBlanco et al., 1999) . However, in these reports, the cellular processes involved in the control of seed size were not investigated. In this study, we designed genetic experiments to determine the relative roles of integument cell elongation and integument cell proliferation in the maternal control of endosperm growth. This study reveals a new maternal sporophytic control of the endosperm. We further provide evidence for a feedback control on maternal integument elongation by endosperm growth, which altogether control seed size.
RESULTS

The ttg2 Mutation Affects Integument Cell Elongation and Has a Maternal Effect on Endosperm and Seed Growth
The mutant transparent testa glabra2 (ttg2) (Johnson et al., 2002) is defective for proanthocyanidin synthesis and mucilage deposition in the seed coat and produces yellow seeds in comparison with wild-type brown seeds ( Figures 1A and 1B ). TTG2 encodes a transcription factor of the WRKY family expressed strongly in the seed integument and at low level in the endosperm (Johnson et al., 2002) . Seed size is reduced in seeds produced by ttg2/ttg2 plants after selfing ( Figures 1A and 1B) . Specifically, seed length is reduced by 15% in ttg2/ttg2 seeds (Table 1) . Reduction of size in ttg2/ttg2 developing seeds is first observed after the late globular embryo stage (Figures 2A and 2B) and is correlated with reduction of endosperm size (Figures 2A and 2B ). This reduction is coupled to precocious endosperm cellularization at the endosperm stage VIII in 70% of the ttg2/ttg2 seeds (n ¼ 58; Figures 2A and 2B , insets), whereas cellularization occurs at the endosperm stage IX in the wild type (Sørensen et al., 2002) . Seed size reduction of ttg2/ttg2 seeds is also coupled to a reduction of cell elongation in the integument ( Figures 1E and 1F , Table 1 ). Although the ttg2 mutation affects growth of the endosperm and of the seed integument as in iku2/iku2 seed (Garcia et al., 2003) , the reduction of integument cell elongation and of endosperm size is less severe in ttg2 than in iku2 mutants (Figures 1F and 1G, Table1) . Endosperm homozygous for iku mutation cause seed length reduction by 30% (i.e., twice more than the reduction caused by ttg2/ttg2 integuments) ( Figures 1B  and 1C , Table 1 ). Because TTG2 is expressed both in the seed integument and in endosperm, we performed genetic tests to determine whether the reduction of ttg2/ttg2 seed size could be attributed to the loss-of-function of TTG2 in seed integument, in endosperm, or in both. In contrast with plants carrying the sporophytic recessive iku mutations, ttg2/ttg2 plants that pollinated with wild-type pollen only produce seeds of sizes smaller than wild-type seeds, resulting from a reduction of integument cell elongation (Table 1 ) and endosperm growth ( Figure 2B ) during early steps of seed development. The cross between wildtype ovules and ttg2 pollen produces seeds of wild-type size, which shows that ttg2 is not a dominant sporophytic mutation acting on endosperm (Table 1) . Hence, because ttg2 is only effective when contributed by the female reproductive organ and because it affects the following generation, ttg2 effect on seed size has at least a maternal effect of sporophytic or of gametophytic origin. In the latter case, half of female gametophytes produced by ttg2/þ plants carry ttg2 and would produce seeds of reduced size when fertilized with wild-type pollen. This was not the case (Table 1) , and ttg2/þ plants fertilized with wild-type pollen produced only seeds of wild-type size. Thus, because seed size, integument size, and endosperm size were only reduced when seed integument is homozygous for ttg2, we concluded that ttg2 is sporophytic recessive with a maternal effect on endosperm growth and seed size. Moreover, seeds produced by ttg2/þ plants fertilized with pollen from ttg2/ttg2 plant are uniformly of wild-type size, although half of them are homozygous for ttg2 in endosperm. Hence, reduction of endosperm size in ttg2/ttg2 seed does not result from a partial contribution of a sporophytic recessive action of ttg2 in endosperm, and the effect of ttg2 on endosperm size is strictly sporophytic maternal.
Genetic Interaction between ttg2 and iku2 Mutations
To investigate interactions between the IKU and TTG2 pathways controlling endosperm growth and integument cell elongation, respectively, we generated double homozygous ttg2/ttg2; iku2/ iku2 plants. Reduction of size in iku2/iku2 developing seeds is first observed at the globular embryo stage and is correlated with reduction of endosperm size (Garcia et al., 2003;  Figure 2D ). This reduction is followed by precocious endosperm cellularization at the endosperm stage VIII, whereas cellularization occurs at the endosperm stage IX in the wild type (Sørensen et al., 2002) . Seed size reduction of iku2/iku2 seeds is also coupled to a reduction of cell elongation in the integument by 30% (Table 1; Garcia et al., 2003) . Developing seeds produced by the double mutant are of extremely reduced size in comparison with iku2/iku2 and ttg2/ttg2 seeds ( Figures 1B to 1D , Table 1 ). The combination of ttg2 and iku2 mutations prevents integument cell elongation and growth of endosperm more severely than in each single mutant (Figures 1F to 1H) . This leads to arrest of endosperm growth as early as the early globular embryo stage like observed in iku2, whereas ttg2/ttg2 endosperm arrest growth prematurely at the embryo late globular stage ( Figure 2 ). Up to the dermatogen embryo stage, nuclei proliferation does not appear affected in the syncytial endosperm of the double mutant. In ttg2/ttg2; iku2/iku2 seeds, extreme reduction of endosperm growth is followed by endosperm cellularization at the endosperm stage VII (Figures 2C and 2E) (i.e., one mitotic cycle earlier than in iku/iku endosperm [Figures 2D and 2E; Garcia et al., 2003 ] and two mitotic stages earlier than in the wild-type [Sørensen et al., 2002] ). In conclusion, the double homozygous mutant displays a cumulative phenotype combining the maternal effects of ttg2 with the zygotic effect of iku2.
To test the maternal sporophytic contribution of ttg2 in the iku2/ iku2 background, we performed crosses of the double mutant iku2/iku2; ttg2/ttg2 with iku2/iku2 pollen. Seeds produced have a phenotype comparable to double homozygous seeds (Table 1) , which shows that the seed phenotype resulting from the two mutations is attributable to the addition of the maternal effect of ttg2 to the zygotic effect of iku2. To confirm that the iku2/iku2 background does not reveal a sporophytic recessive effect of ttg2, plants carrying iku2/iku2; ttg2/þ were pollinated with iku2/ iku2; ttg2/ttg2 plants. All resulting seeds feature a phenotype comparable to iku2/iku2 seeds (Table 1) . These results are consistent with a strict maternal sporophytic recessive effect of ttg2 on endosperm and seed growth in iku2/iku2 background.
In addition to the extreme reduction of seed size, the combination of iku2/iku2 with ttg2/ttg2 leads to increased seed abortion ( Figure 1D ), probably resulting from an arrest of embryo development earlier than the heart stage. Moreover, half of the viable seeds produced by iku2/iku2; ttg2/ttg2 germinate in the fruit during the desiccation phase, a phenomenon called vivipary ( Figure 3D ). Such phenomenon does not occur in the wild type, where seeds desiccate and enter dormancy, preventing germination in absence of appropriate conditions. The double mutant seedlings produced could be rescued by in vitro culture. Hence, the combination of ttg2 with iku2 produced a neomorphic effect because vivipary was not detected in either single mutant ( Figures 3B and 3C ). This synergy is distinct from the additive effect of each single mutation on seed size.
Effect on Endosperm and Seed Size of Reduction of Cell Proliferation in the Integuments
Because a balance between cell elongation and cell proliferation has been demonstrated in leaves (Tsukaya, 2003) , we looked for evidence of a cross talk between integument cell proliferation and elongation in relation to endosperm growth. We observed that integument development initiates with a phase of cell proliferation followed by a phase of cell elongation before maturation. To quantify the degree of cell proliferation during early integument development, we quantified the population of cells that undergo the transition from the G2 phase to mitosis with the reporter construct pCycB1,2:b-glucuronidase (GUS) (Schnittger et al., 2002) (Figure 4 ). Cell proliferation is observed in the integument of mature ovules before fertilization. The beginning of seed integument development is characterized by an increase in mitotic activity after fertilization followed by a sharp decline leading to a complete absence of cell division 4 d after pollination ( Figures 4A to 4D) .
The phase of sustained integument cell proliferation correlates with an initial phase of growth in endosperm, and we hypothesized that a decreased cell proliferation in the integument may constrain endosperm growth and consequentially reduce seed size. We used the line p35S:KRP2 in which the KIP RELATED PROTEIN2 (KRP2) is overexpressed in the vegetative tissues, including the seed integuments (De Veylder et al., 2001; Vandepoele et al., 2002) . As shown in other organs, KRP2 overexpression reduces the number of cells in the seed integument (Table 2, Figure 5A) . Surprisingly, all seeds produced by crosses of p35S:KRP2/þ plants with wild-type pollen reach a size similar to wild-type seed size (Table 2) . We observe as well that both wild-type and p35S:KRP2/þ endosperm surrounded by a reduced number of integument cells reach wild-type size ( Figures 1I and 1K) . We conclude that a significant reduction of integument cell number has a limited effect on endosperm growth and seed size. This results apparently from compensation of integument cell number reduction by an increased integument cell elongation ( Figure 5A , Table 2 ).
We further tested whether compensation of cell number reduction in the integument by cell elongation could be related to endosperm growth. The iku mutations limit endosperm growth and indirectly reduce cell elongation in the integument. Reduced integument cell elongation may result from the absence of an instructive IKU-dependent signal from the endosperm necessary for the initiation of integument cell elongation. According to this hypothesis, the reduction of cell integument number around an iku/iku endosperm should lead to an additive effect, reducing both cell number and cell length, finally producing seeds smaller than iku/iku seeds. Alternatively, the iku/iku endosperm may only limit the degree of integument cell elongation (permissive signal), and the integument cells adjust their elongation to the endosperm size. According to this second hypothesis, reduction of the number of integument cells around an iku/iku endosperm should be compensated by integument cell elongation. To test these alternative hypotheses, we pollinated iku1/þ; p35S:KRP2/þ plants with iku1/iku1 pollen, hence producing 50% of seeds with iku1/iku1 endosperm surrounded by a reduced number of Table 2 ). Remarkably, the reduction of the number of integument cells by 33% is still largely compensated for by a 31% increase in cell elongation in p35S:KRP2/þ; iku1/iku1 seed, leading to a size close to that of iku1/iku1 seed ( Figures 1G, 1L , and 5B, Table 2 ). This result is in agreement with the second hypothesis stating that seed integument adjusts cell elongation to an overall size defined by the endosperm and controlled in part by the IKU pathway. Seed size is known to vary between natural genetic backgrounds in Arabidopsis (Alonso-Blanco et al., 1999). We thus compared seed size between Columbia and Ler background and found that they are similar. Surprisingly, the Columbia integument cell number is reduced in comparison with Ler. The same integument and seed size is achieved because the average integument cell length is higher in Columbia than in Ler, thus allowing compensation (Table 2 ). This observation strongly suggests that compensation of integument cell number by cell elongation also accounts for natural genetic variations.
DISCUSSION
TTG2 Is Involved in Maternal Control of Seed Size
In this study, we have demonstrated the maternal effect of the ttg2 mutation on endosperm and seed growth. Thus, ttg2 represents one of the few examples of maternal sporophytic control of seed development in Arabidopsis (Ray et al., 1996; Gifford et al., 2003) , and our results provide a demonstration of maternal sporophytic control of endosperm development and seed growth in Arabidopsis. The shape of seeds with ttg2 integument is also more round than wild-type seed. Such maternal control of seed shape has been reported in other mutants affecting the shape of the seed coat, such as ats (Lé onKloosterziel et al., 1994) and acr4 (Gifford et al., 2003) , and it is likely that these mutations also affect endosperm growth. We propose that the ttg2 mutation affects primarily cell elongation in the integument. Other tt mutants defective for tannin synthesis in the seed coat are also affected for seed size (Debeaujon et al., 2000) . Because TTG2 controls several steps of tannin synthesis, it is likely that reduction of seed size by tt mutations is downstream of TTG2 in the TTG pathway. Some products of the tannin synthesis pathway may accumulate in the cell wall and change its competence to elongate. When TTG function is reduced, the wall may either become more rigid than the wild type with a reduced capacity to elongate or may acquire prematurely a loss of competence to elongate. As a consequence, endosperm Whole-mount cleared seeds observed with differential interference contrast (DIC) microscopy of seed at the triangular embryo stage in wild-type Ler containing uncellularized endosperm (A) and in ttg2/ttg2 containing precociously cellularized endosperm of reduced size (arrowhead shows endosperm cell wall) (B). Cleared seeds at the mid-globular embryo stage in wild-type Ler containing uncellularized endosperm (C), in iku2/iku2 containing uncellularized endosperm of reduced size (D), and in a iku2/iku2; ttg2/ttg2 double mutant seed containing very precociously cellularized endosperm with an increased reduction in size (arrowhead shows endosperm cell wall) (E). Bar ¼ 50 mm for all photographs. Magnification of the inset is twice the magnification of the main micrograph. growth becomes limited in space. Alternatively, products resulting for altered proanthocyanidin synthesis could diffuse into endosperm and affect its growth. Such a reduction of endosperm growth results in a reduction of cell proliferation in the embryo after the heart stage and ultimately in a smaller embryo and a small mature seed, as shown in iku (Garcia et al., 2003) and in interploid crosses (Scott et al., 1998) .
Interactions between Maternal and Zygotic Controls of Seed Size
As previously reported for the zygotic iku mutations (Garcia et al., 2003) , the maternal ttg2-mediated reduction of endosperm growth is accompanied by precocious endosperm cellularization, one mitotic cycle earlier than in the wild type. The similarities between the two mutant phenotypes suggested that they participate in the same genetic pathway. We observed an additive reduction of integument cell elongation and of endosperm growth and seed size when iku2 and ttg2 mutations are combined. This indicates that each mutation acts in distinct genetic pathways but have common effectors. Moreover, even in the iku2 background, ttg2 has a strict maternal sporophytic effect. Thus, integument cell elongation and endosperm growth are controlled in synergy by the sporophytic action of IKU2 on endosperm and by the sporophytic maternal action of TTG2 in the seed integument.
The additive phenotype observed in the double mutant ttg2/ ttg2; iku2/iku2 also affects endosperm cellularization timing more dramatically than in each mutant. In parallel, reduction of the endosperm volume is markedly more pronounced in the double mutant phenotype than in single mutants. This correlation between endosperm size and cellularization timing corroborates the importance of a threshold nucleocytoplasmic ratio necessary to trigger endosperm cellularization (Sørensen et al., 2002) . Because nuclei proliferation does not seem to be altered in ttg2/ttg2; iku2/iku2 endosperm, the threshold is reached prematurely and cellularization occurs earlier than in the iku2, ttg2, or wild-type endosperm.
Extreme reduction of endosperm size likely accounts for higher levels of seed abortion in ttg2/ttg2; iku2/iku2 plants, as observed in the case of extreme maternal genome dosage excess (12m:1p) in the endosperm (Scott et al., 1998) . ttg2/ttg2; iku2/iku2 seeds reaching the mature stage display a more important reduction of seed size than iku2/iku2 seeds. This double mutant also displays a neomorphic viviparous phenotype. Previous studies showed the major role of seed coat integrity in the maintenance of seed dormancy (Lé on-Kloosterziel et al., 1994; Debeaujon et al., 2000) . We propose that the increased reduction of integument elongation by combination of iku2 and ttg2, added to inappropriate seed coat maturation resulting from ttg2, generates a weaker seed coat leading to vivipary. Alternatively, vivipary may be perturbed as in the abi3 and lec mutants (Raz et al., 2001) , which deregulate maturation of the embryo.
An Integrated Model for the Control of Seed Size
Surprisingly, in Arabidopsis, the initiation of cell proliferation in the seed integument does not appear to depend on fertilization.
We further observed that to achieve the size of the integument, dictated by the size of syncytial endosperm, integument cells regulate elongation and not cell proliferation. The final cell number in the integument is balanced by cell elongation and does not influence the size of the seed. Such compensatory effects have been observed at the scale of the organ and of the organism in Arabidopsis (Wang et al., 2000; De Veylder et al., 2001; Jasinski et al., 2002; Tsukaya, 2003) and in animal species (Conlon and Raff, 1999) . Independent manipulation of cell elongation and cell proliferation in the integument and their genetic combinations with iku mutations show that integument cell elongation plays the key role in the coordination of size between the endosperm and the integument. This early coordination later influences endosperm cellularization and embryo cell proliferation and determines the final seed size ( Figure 6 ). We propose that the IKU-dependent pathway does not trigger integument cell elongation but rather controls the degree of cell elongation necessary to coordinate the size of the integument with endosperm growth. Such a control could be mediated by IKU-dependent regulation of osmotic pressure in the endosperm, providing a source of tension onto integument cells. This tension would sustain integument cell elongation as shown in other cell types (Cosgrove, 1993) . According to this model, TTG2 would modulate the competence of integument cells to elongate ( Figure 6 ). Hence, in the plant seed, cell elongation Seed size determination involves the zygotic control of endosperm growth by IKU class genes in addition to the maternal modulation of integument cell elongation by TTG2. These two pathways are integrated by a cross talk (blue arrow) and determine the final potential size of the seed. The integument cell number is regulated during the early phase of integument cell proliferation. However, as integument cell elongation compensates the cell number (red arrow) to accommodate to the endosperm size, integument cell proliferation does not have a strong influence on seed size. could integrate interplay between turgor in the syncytial endosperm and tension sensed by the surrounding integument cells. Phenotypes similar to that of iku/iku seeds have been described in cases of genome dosage imbalance in the endosperm (Scott et al., 1998) . Thus, iku seeds resemble seeds obtained by fertilization of wild-type ovules by male gametes with hypomethylated DNA as well as seeds containing an excess of maternal dosage in endosperm (Adams et al., 2000; Luo et al., 2000; Garcia et al., 2003) . Such effects strongly suggest that epigenetic controls may regulate parental imprints of genes involved in the control of endosperm growth. Such genes could participate to the IKU pathway.
We observed a striking natural variation in the number of integument cells between Arabidopsis Columbia and Ler ecotypes, although the final seed size does not significantly change as a result of compensation by cell elongation ( Table 2 ). The modulation of cell elongation was thus used by natural selection to produce seeds with a specific size. A maternal control of seed size has been observed when crossing different ecotypes of Arabidopsis producing different seed sizes (Alonso-Blanco et al., 1999) . Our results suggest that this maternal control is attributable to maternal integument elongation properties. Thus, we propose that cell elongation was targeted by natural selection as a process that may be more amenable to tinkering (Alon, 2003) than the complex molecular innovations necessary for modulation of cell proliferation.
METHODS
Plant Material and Growth Conditions
The wild-type ecotypes Ler and Columbia, as well as the ttg2 mutant line, were provided by the Nottingham Arabidopsis Stock Centre. All mutant lines examined in Tables 1 and 2 were in the Ler background. Plants were grown at 208C in a growth chamber with a 12-h-day/12-h-night cycle until they formed rosettes. Flowering was then induced at 228C with a 16-hday/8-h-night cycle in a greenhouse.
All crosses were performed using hand pollination 12 h after emasculation. The number of integument cells per seeds and the average integument cell length have been determined on longitudinal confocal sections of fixed seeds 6 DAP, corresponding to the embryo heart stage. Measurements have been performed on the innermost integument cell layer, also called the endothelium.
Microscopy and Image Processing
Endosperm and embryo development was observed in cleared seeds using DIC optics as described previously (Garcia et al., 2003) . All figures were composed with Adobe Photoshop 5.5 (Adobe Systems, San Jose, CA). For Tables 1 and 2 , the average number of integument cells per seeds and the average integument cell length were determined on longitudinal confocal sections of fixed seeds 6 DAP, similar to sections presented in Figure 1 , on the innermost integument cell layer also called the endothelium.
GUS Assays
Siliques at different stages of development were incised along the septum and fixed in ice-cold acetone 80% for 1 h. After three washes with phosphate buffer (100 mM, pH 7.5), the tissues were vacuum infiltrated in a prestaining solution (100 mM phosphate buffer, pH 7.5, 4 mM potassium ferricyanide, and 4 mM potassium ferrocyanide) for 15 min. A second infiltration with a staining solution (100 mM phosphate buffer, pH 7.5, 2 mM potassium ferricyanide, 2 mM potassium ferrocyanide, 0.1% Triton X-100, and 1 mM X-gluc) was performed under vacuum for 15 min. The GUS enzymatic reaction was incubated overnight at 378C.
Seeds were dissected out from the siliques and cleared using a derivative of Hoyer's medium. The histochemical localization of GUS activity was analyzed on cleared seeds with a Nikon (Tokyo, Japan) microscope using DIC optics. Images were captured with an Axiocam MRc digital camera (Zeiss, Jena, Germany) coupled to the microscope.
Statistical Analyses
Results in Tables 1 and 2 are reported as mean values 6 one standard deviation from the mean. Significant differences among the genotypes in Tables 1 and 2 were determined by either one-way analysis of variance or the nonparametric Kruskall-Wallis test. First, for each measured variable, the entire data set was tested for normalcy by the Kolmogorov-Smirnov test against a generated normal distribution of equivalent mean, n, and standard deviation. Heterogeneity of variance was determined by Bartlett's test. Data sets fulfilling both requirements were tested by analysis of variance (P < 0.0001 in all cases except for average number of cells in Table 1 ), followed by Scheffé 's F to determine significant differences between the various genotypes. All other data sets were analyzed using Kruskal-Wallis (P < 0.0001 in all cases), followed by Games-Howell as a post hoc test. For consistency and accuracy, all data sets were examined again by Games-Howell at a more stringent confidence level (99%), and this did not change the results. In the cases where two genotypes were compared independently, a Mann-Whitney U-test was employed. All calculations were performed using StatView 5.0.1 (SAS Institute).
